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Dopaminergic Neurotoxicity of 1-Methyl-4-Phenyl-1,2,5,6- 
Tetrahydropyridine in Mice 

Abstract. 1-Methyl-4-phenyl-l,2,5,6-tetrahydropyridine (MPTP) is known to cause 
an irreversible destruction of the dopaminergic nigrostriatal pathway and symptoms 
of parkinsonism in humans and in monkeys. However, MPTP has been reported to 
act only minimally or not at all in several other animal species. When MPTP (30 
milligrams per kilogram of body weight) was administered parenterally to mice, a 
decrease in concentrations of neostriatal dopamine and its metabolites, a decrease 
in the capacity of neostriatal synaptosomal preparations to accumulate [3Hldopa- 
mine, and a disappearance of nerve cells in the zona compacta of the substantia 
nigra were observed. In contrast, MPTP administration had no effect on neostriatal 
concentrations of serotonin and its metabolites. MPTP administration thus results in 
biochemical and histological changes in mice similar to those reported in humans 
and monkeys and similar to those seen in Parkinson's disease in humans. The mouse 
should prove to be a useful small animal with which to study the mode of action of 
MPTP. 

1-Methyl-4-phenyl-l,2,5,6-tetrahydro- 
pyridine (MPTP) is a commercially avail- 
able compound that can be formed as a 
by-product in high yield in the synthesis 
of 1-methyl-4-phenyl-4-propionoxypi- 
peridine (MPPP), a potent analgesic 
structurally similar to two other widely 
used analgesics, meperidine (Demerol) 
and alphaprodine (Nisentil). The inad- 
vertent ingestion of small amounts of 
MPTP, mixed with varying amounts of 
MPPP and perhaps other agents, has 
caused an irreversible parkinsonism in 
several young individuals, who were 
most likely attempting to simulate the 
actions of heroin with MPPP (1). Also, 
intravenous injection of MPTP alone to 
monkeys has produced symptoms and 
pathology consistent with parkinsonism, 
including a severe dopamine depletion 
and a highly selective degeneration of 
the nerve cells of the substantia nigra (2). 
Therefore, the agent responsible for the 
parkinsonism observed in the young 
drug addicts was MPTP or a metabolite. 

The discovery that a simple substance 

of this nature administered systemically 
can selectively destroy a specific neuro- 
nal system and closely reproduce the 
pathology of Parkinson's disease has im- 
plications for the etiology of the natural- 
ly occurring human disease. It suggests 
that a similar neurotoxin, exogenous or 
endogenous, may be involved in the 
pathogenesis of the disease. Such a sug- 
gestion is particularly timely in view of 
the recent findings of a low concordance 
rate for Parkinson's disease among 
monozygotic twins (3). 

Surprisingly, MPTP was reported to 
have no neurotoxic effect in several oth- 
er animal species, including rats and cats 
(4). We now report that MPTP adminis- 
tration to mice (two to ten daily injec- 
tions) resulted in a decrease in the dopa- 
mine content of neostriatal brain tissue, 
inability of this tissue to accumulate 
[3H]dopamine, and a severe loss of nerve 
cells in the zona compacta of the sub- 
stantia nigra. 

Male Swiss-Webster mice weighing 
between 25 and 35 g were injected intra- 

peritoneally with MPTP dissolved in dis- 
tilled water (pH adjusted to 8.5 with 
dilute hydrochloric acid). The dose was 
30 mg (0.17 mmole) per kilogram of body 
weight, and the injection volume was 1.0 
ml per 100 g of body weight. Control 
animals received either vehicle injection 
or no injection at all. Since dopamine 
concentrations in these animals did not 
differ, both groups were combined and 
considered as controls. Some animals 
received multiple MPTP injections 24 
hours apart. Concentrations of dopamine 
in the mouse neostriatum were assayed 
at various times after the last injection. 
Each animal was stunned by a blow to 
the head, the brains were removed, and 
the neostriata were rapidly dissected 
from the rest of the brain. The neostriata 
were then weighed and homogenized in 
0.1M perchloric acid containing dihy- 
droxybenzylamine (DHBA) as an inter- 
nal standard and centrifuged at 27,000g 
for 15 minutes. The supernatant, usually 
20 pl in volume (equivalent to 0.2 mg of 
original tissue), was used for assays of 
dopamine, serotonin, and their metabo- 
lites (5). 

An LC-304T liquid chromatograph 
(Bioanalytical Systems) connected to a 
dual pen recorder (Kipp and Zonen) was 
used for all assays. The operating poten- 
tial was 750 mV, the temperature was 
25"C, and full scale on the detector was 
usually set to 2.0 nA. A Biophase ODs 5- 
pm column (Bioanalytical Systems) was 
used for all separations. The flow rate of 
the mobile phase was 1.5 ml per minute. 
The mobile phase was made up as fol- 
lows: 35 ml of acetonitrile was added to 
965 ml of 0.15M monochloroacetate buff- 
er (pH 3.0) containing 193 mg of sodium 
octyl sulfate. This mixture was filtered 
and degassed, tetrahydrofuran (18 ml) 
was carefully added, and the mobile 
phase was sealed until use. 

Data were calculated from standard 
curves made on the same day on the 
basis of five to six data points in the same 
concentration range as that present in 
the tissue. Concentrations of dopamine 
and its major metabolites, dihydroxy- 
phenylacetic acid (DOPAC) and homo- 
vanillic acid (HVA), were calculated on 
the basis of the original tissue weight, 
and the results were expressed in micro- 
grams per gram of tissue i. standard er- 
ror of the mean (S.E.M.). 

In some experiments, the neostriata 
from control and MPTP-treated mice 
were homogenized in 0.3M sucrose. To a 
sample of this homogenate, an equal 
volume 0.2M perchloric acid containing 
DHBA was added. This mixture was 
then centrifuged, and levels of dopamine 
and its metabolites were assayed as de- 
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Table 1. Neostriatal concentrations of dopamine and its metabolites after injections of MPTP 
(30 mg per kilogram of body weight) to mice. Animals were given the indicated number of 
injections, and assays were performed between 24 and 432 hours after the time of the last 
injection. Data represent the mean 2 S.E.M. for the number of mice indicated. All values for 
MPTP-treated mice, except those noted, differ significantly from control (P < 0.001). Statistical 
analysis was by Student's t-test. 

Inkc- Assay Neostriatal concentration 
Group time n (microgram per gram of tissue) 

(num- 
ber) (hours) Dopamine DOPAC HVA 

Control 
MPTP 
MPTP 
MPTP 
MPTP 
MPTP 
MPTP 
MPTP 
MPTP 

*P < 0.05 compared to control. tP < 0.025 compared to control. $No significant difference from 
control. OP < 0.005 compared to control. 

scribed above. In the remaining 0.3M 
sucrose homogenate, the uptake of 
[3~]dopamine was measured in a synap- 
tosomal preparation (6). All data were 
calculated as disintegrations per minute 
of [3H]dopamine accumulated per milli- 
gram of tissue used (r S.E.M.), and the 
data were expressed as a percent of 
control. 

One injection of MPTP had a slight but 
significant effect on the neostriatal con- 
centrations of dopamine and DOPAC 
(Table 1). After two and three injections 
of MPTP (assays at 24 hours), pro- 
nounced and significant decreases in 
concentrations of dopamine, DOPAC, 
and HVA occurred. For example, after 
two injections of MPTP, the mean dopa- 
mine concentration dropped to 6.6 p,g/g 
and, after three injections, to 4.7 p,g/g. 
When the mice were given three injec- 
tions of MPTP and killed 72 hours after 
the last injection, large decreases in the 
level of dopamine and its metabolites 
were still observed compared to the con- 
trol values (Table 1). Mice given five 
injections of MPTP, with assays per- 
formed 72 hours after the last injection of 
MPTP, had a mean dopamine concentra- 
tion of 4.5 pglg (65 percent loss) and a 67 
percent loss in their capacity to accumu- 
late [3~]dopamine compared to control. 
In these experiments, neostriatal synap- 
tosomal preparations from control mice 
accumulated 295,155 + 14,532 dislmin 
of [3Hldopamine per 5 mg of tissue 
(100 + 4 percent, n = 7), while neostria- 
tal synaptosomal preparations from ' 

MPTP-treated mice accumulated only 
%,606 a 12,106 dislmin of [3~]dopa- 
mine per 5 mg of tissue (33 t 4 percent 
of control, n = 7). Thus the decrease in 
[3~ldopamine uptake and in the endoge- 
nous dopamine concentrations caused 
by MPTP were identical. 

Mice given five or ten injections of 
MPTP, with assays performed between 
240 and 432 hours after the last injection, 
also had pronounced decreases in con- 
centrations of dopamine, DOPAC, and 
HVA (Table I). Thus, no apparent re- 
covery occurred for as long as 432 hours 
(18 days) after the last MPTP injection. 
In these experiments, MPTP had no ef- 

Fig. I (top). (Control) Coronal section 
through the superior colliculus at the level of 
the medial geniculate body. C, and C2 indicate 
the extent of the pars compacta of the sub- 
stantia nigra as it courses diagonally across 
the photograph dorsal to the pars reticulata 
(R) and cerebral peduncle (PI. The M arrow 
points to medial direction; L arrow, lateral; D 
arrow, dorsal; V arrow, ventral. Fig. 2 
(bottom). MPTP-treated section 15 days after 
ten daily injections at the same level of the 
superior colliculus and orientation as above. 
Neurons of the pars compacta of the substan- 
tia nigra are depleted in number. R and Pas in 
Fig. I (x60). Similar losses of neurons were 
seen in several other MPTP-treated mice. 

fect on neostriatal concentrations of ser- 
otonin or its metabolite, S-hydroxyin- 
doleacetic acid. Moreover, no consist- 
ent effect of MPTP on the concentrations 
of dopamine or its metabolites was ob- 
served in either the nucleus accumbens 
or in the hypothalamus. For example, 
mice given ten injections of MPTP, with 
assays performed 120 hours after the last 
injection, had a dopamine concentration 
of 5.2 + 0.7 Clg/g in the nucleus accum- 
bens and 0.7 r 0.1 pglg in the hypothal- 
amus. Control values were 6.0 r 1.5 and 
0.6 k 0.1 pg/g in the nucleus accumbens 
and hypothalamus, respectively (n = 5 
in each group). Similarly, no effects of 
MPTP on concentrations of DOPAC or 
of HVA were observed in the nucleus 
accumbens and hypothalamus. Thus, 
these actions of MPTP are specific in 
nature, as has been reported for the 
monkey (4). 

Histopathological studies of control 
and MPTP-treated mice were performed 
on littermates of animals whose content 
of dopamine was biochemically assessed 
to be reduced by MPTP administration 
by at least 65 to 80 percent. After perfu- 
sion of the mice with Formalin, the brains 
were excised. Serial paraffin sections (10 
p,m in thickness) through the superior 
colliculus containing the substantia nigra 
were stained with cresyl violet. Tissue 
from the MPTP-treated mice showed a 
marked decrease in cell number in the 
zona compacta for the entire rostro-cau- 
dal extent of the nigra (Figs. 1 and 2). 

The decrease in neostriatal concentra- 
tions of dopamine and its major metabo- 
lites, the pronounced decrease in the 
capacity of neostriatal synaptosomes to 
accumulate [3H]dopamine, and the 
marked loss of nerve cells in the zona 
compacta of the substantia nigra taken 
together show that MPTP causes degen- 
eration of the nigrostriatal neuronal path- 
way in male Swiss-Webster mice. Thus, 
MPTP exerts its selective neurotoxic ef- 
fects in the mouse as well as in humans 
and monkeys. The MPTP-treated mouse 
and monkey both exhibit this loss of 
nerve cells in the substantia nigra as well 
as the marked reduction in neostriatal 
concentrations of dopamine and its 
metabolites, two of the most important 
pathological changes observed in human 
Parkinson patients. 

The advantages of working with a 
small animal such as the mouse should 
facilitate research on the metabolism and 
mechanism of action of MPTP. The 
MPTP-treated mouse may prove to be a 
useful model of Parkinson's disease and 
of related neuronal system degenera- 
tions. We have found the C57 black 
mouse to be considerably more sensitive 
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than the Swiss-Webster mouse to the 
neurotoxic effects of MPTP. Between 
seven and ten injections of MPTP in the 
C57 black mouse consistently led to 
about a 90 percent loss of neostriatal 
dopamine. These MPTP-treated mice ex- 
hibited postural abnormalities and had a 
marked reduction in their locomotor ac- 
tivity. In contrast, the Swiss-Webster 
mouse appears relatively normal even 
with losses of neostriatal dopamine 
greater than 80 percent. 

In guinea pigs, 21 daily injections were 
required to induce a 50 percent decrease 
in dopamine concentrations (4). The dif- 
ferences in susceptibility to MPTP in 
different animal species are provocative 
and warrant further study. Differences in 
transport, absorption, metabolism, se- 
lective localization, or capacity to detox- 
ify the neurotoxic species (either MPTP 
or some reactive metabolite or by-prod- 
uct) may be expected to account for 
these observations. Clarification of these 
differences may be important to an un- 
derstanding of the mode of action of 
MPTP (7) and may yield clues to the 
etiology of Parkinson's disease in hu- 
mans (8). 
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Identification of Common Interneurons Mediating Pre- and 
Postsynaptic Inhibition in the Cat Spinal Cord 

Abstract. The spike-triggered averaging of dorsal and ventral root potentials 
permits the identijcation of two populations of interneurons in the intermediate 
nucleus of the cat spinal cord. One produced negative dorsal root potentials and 
inhibitory ventral root potentials, in some cases with monosynaptic latencies, 
suggesting that they mediate presynaptic inhibition of group I afferent .fibers from 
muscles and postsynaptic inhibition of motoneurons. The other population mediated 
only nonreciprocal postsynaptic inhibition of motoneurons. 

Primary afferent depolarization (PAD) spike-triggered averaging of ventral root 
is generally considered to cause presyn- potentials (VRP's) recorded with the su- 
aptic inhibition, but its nature and the crose gap technique (9, 11) has, in addi- 
mechanisms producing it remain uncer- tion, allowed us to test the extent to 
tain (1, 2). This lack, together with the which the PAD-producing interneurons 
limited information available concerning form part of private pathways and deter- 
the identity of the interneurons mediat- mine whether they are also shared by 
ing the PAD, their connections, and the other reflex pathways producing post- 
inputs received by them (3-3, has re- synaptic actions on motoneurons. 
stricted our understanding of the func- Cats were anesthetized with pentobar- 
tional role played by presynaptic inhibi- bital(35 mg per kilogram of body weight) 
tion in the vertebrate spinal cord. supplemented (10 mg hourly) to maintain 

Recent studies aimed at determining a deep level of anesthesia, paralyzed 
the sites of action of cutaneous and de- with Pavulon (pancuronium bromide), 
scending fibers on the pathways produc- and connected to a respirator. The poste- 
ing PAD of group I afferent fibers (5) rior biceps and semitendinosus, sural, 
have suggested that different last-order gastrocnemius-soleus, deep and superfi- 
interneurons in the intermediate nucleus cial peroneus nerves were dissected and 
mediate the PAD of group Ia fibers (from prepared for stimulation. The lumbosa- 
muscle spindles) and Ib fibers (from ten- cral spinal cord was exposed, and ven- 
don organs) (5, 6), and have provided tral roots L7 and S1 were dissected and 
criteria that, together with those already sectioned distally. A small S1 dorsal 
available (1, 7, 8), can be used for their rootlet was used to record the DRP's, 
characterization (5). Final identification and synaptic potentials of motoneurons 
of these interneurons, however, requires were recorded from S1 ventral rootlets 
the demonstration of functional connec- by means of the sucrose gap technique 
tions between them and their target af- 
ferent fibers, a condition not met in 
previous studies (3, 4). We have now 
used the spike-triggered averaging tech- 
nique (9-12) to disclose the dorsal root 
potentials (DRP's) produced by single 
interneurons in the intermediate nucleus. 
These potentials are usually taken as 
indicators of synaptic actions exerted on 
afferent fibers (1, 3, 6, 8). Simultaneous 

(9, 11) (Fig. 1). Action potentials of inter- 
neurons responding mono-, di-, or tri- 
synaptically to group I gastrocnemius- 
soleus or posterior biceps and semiten- 
dinosus stimulation (5, 6) or polysynapti- 
cally to cutaneous nerve stimulation 
were extracellularly recorded by means 
of glass micropipettes (2- to 4-km tip 
diameter) filled either with sodium chlo- 
ride or with sodium glutamate (3M), the 
latter to increase the firing frequency of 
the neurons (9, 10). The DRP's and 
VRP's were recorded through low-noise 
differential amplifiers (band-pass filters, 
0.1 Hz to 10 kHz). Cord dorsum poten- 
tials, DRP's, VRP's, and interneuronal 
activity were stored on analog tape. Av- 
eraging was performed on-line and off- 
line with a Nicolet 1170 computer. 

We have analyzed the activation pat- 
terns and the connections with afferents 
and motoneurons of 130 interneurons 
located in the intermediate nucleus (lam- 
inae V and VI of Rexed). Eleven inter- 
neurons produced inhibitory VRP's 

Fig. 1. Diagram of the method. Abbrevia- 
tions: Int, interneuronal activity; CDP, cord (iVRP's) without any associated DRP's 
dorsum potentials; DR, dorsal root; and V R ,  (Fig. 2, B and C) lasting 68.5 * 25 
ventral root. msec (mean a standard deviation). The 
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